Transcriptomes associated with the process of photosynthesis and carbon fixation have offered 14 insights into the mechanism of gene regulation in terrestrial plants, however limited information is 15 available as far as macroalgae are concerned. Intertidal red alga, Kappaphycus alvarezii is exposed to 16 different wavelengths of light in their lives as light quantity and quality changes at different depths in 17
Introduction 37
Transcriptome shifts associated by the light signals perceived by photoreceptors have offered insights 38 into the gene regulation in higher plants, however limited information is available as far as 39 macroalgae under light treatment are concerned. Red alga, Kappaphycus alvarezii grows in intertidal 40 zone where they may face irradiance environments depleted in both light quantity and quality as the 41 light spectral distribution changes at different depths in seawater. Intertidal seaweeds exposed to light 42 spectrum which is similar as in air during low tide and blue light becomes predominant where the 43 seaweeds grow under seawater of 2-5 m in depth at high tide (Dring, 1981) . Seaweeds can acclimate 44 to the changes of light quantity and qualities by employing efficient light-harvesting mechanisms, 45 such as increase the quantity of photosynthetic pigments, change the ratio of accessory pigments to 46 chlorophyll a (Lobban and Harrison, 1994) . Red alga, Chondrus crispus have been reported to have 47 increased phycoerythrin content and the efficiencies of photosynthesis increased with depth (Sagert et 48 al., 1997) . photoreactivation, photosynthetic carbon, metabolism and biosynthesis. Wang et al. (2013) suggested 56 that promotion of metabolism and growth in kelps under blue light predominating environment was 57 attributed to both reduction of red light and increase of blue light illumination. Thus, it suggested that 58 different light qualities may play significant roles in the lives of red algae. 59
60
The transcriptome of K. alvarezii was first sequenced by Wu et al. (2014) 
Results

185
Transcriptome sequencing and de novo assembly 186
The sequencing run generated a total of 31.89 Gb raw paired-end reads. After trimming adapters and 187 filtering out low quality reads, over 25 Gb clean reads (~79%) were retained for assembly and further 188 analysis. We generated 76,871 assembled transcripts by Trinity, which have lengths ranging from 189 300 to 17,257 bp ( Fig. 1 ) and an N50 of 1,707 bp (Table 1) The shortest transcripts (bp) 300
The longest transcripts (bp) 17,257
Transcripts ≥500 bp (%) 50.63%
Transcripts ≥1000 bp (%) 24.44% GC (%) 51.17
Annotation rate (%) 55.83
Functional annotation of K. alvarezii transcriptome 203
Blastx was used to map assembled transcripts against the protein databases UniProt, KEGG and COG 204 with a cutoff E-value of 10 -5 . The top hit from each of these assembled transcripts comparisons was 205 used as the annotation reference for the respective transcripts. To sum up, 42,915 transcripts were 206 assigned to putative functions, accounting 55.83% of the total assembled sequences (Supplementary 207 Table S2 ). With UniProt annotation, 23,701 sequences had perfect matches with E-value <10 -45 and 208 21.42% of the matches had similarity over 95% (Fig. 2a, b) . The species distribution showed that 209 only 13.45% had top matches to Chondrus crispus and next top matching species was 210
Phaeodactylum tricornutum, accounting for 3.61% (Fig. 2c) . Ontology (GO) terms were assigned using WEGO software. A total of 28,079 annotated transcripts 237 were further categorized to the three main GO domains: biological processes, cellular components 238 and molecular function, including 20,847 sequences at term "biological process", 14,291 sequences 239 at term "cellular component" and 41,698 sequences at term "molecular function" (Supplementary Fig.  240 
S3). 241 242
Functional and pathway analysis of the transcripts of K. alvarezii were carried out using the KEGG 243 pathway database (Kanehisa et al., 2004) . A total of 10,460 transcripts had assigned to 278 KEGG 244 pathways (Table 2) . Category "metabolic pathways" had the largest numbers of transcripts among all 245 the categories, followed by the categories of "biosynthesis of secondary metabolites", "biosynthesis 246 of amino acids" and "carbon metabolism". Table S4 ). Some key genes of enzymes involved in the carbon fixation 255 pathway in K. alvarezii were discovered, such as aspartate aminotransferase (ast), 256 phosphoribulokinase (prk), pyruvate orthophosphate dikinase (ppdk), phosphoglycerate kinase (pgk), 257 malate dehydrogenase (mdh), phosphoenolpyruvate carboxylase (ppc) and phosphoenolpyruvate 258 carboxykinase (pck), which provided unequivocal molecular evidence that most of the C 3 and C 4 259 pathway genes were actively transcribed in K. alvarezii. 260
261
Identification of DEGs 262
The high quality reads from individual samples were mapped to the transcriptome database with the 263 mapping percentage ranged from 84 to 86% (Table 3 ). The lower mapping rate reflects the low 264 transcriptome sequencing depth and the high heterozygosity found in K. alvarezii. 265 Table S5 ). The results were validated by 272 qPCR (data not shown), confirming the accuracy of RNA-Seq in mRNA quantification. A total of 273 7,962 DEGs (67.65%) were successfully annotated through the sequence similarity searching against 274 the UniProt databases with a significance of E-value ≤ 10 -5
. 275
276
The most DEGs were found to be down-regulated between every two samples. For the light treatment, 277 the most DEGs were detected between GL and WL, with 390 DEGs upregulated and 908 DEGs 278 downregulated ( Supplementary Fig. S5 ). If mRNA abundance of a gene was similar between BL, GL 279 and WL while higher than RL, the DEG was interpreted to be RL-downregulated. If the expression 280 level of a gene was higher or lower under WL than under both BL, GL and RL, the DEG was 281 suggested to be either BL-, GL-or RL-regulated. Based on the gene expression patterns among the 282 four lights (Table 4 ), a total of 5,967 DEGs were designated to four categories: BL-regulated, 283 GL-regulated, RL-regulated and either BL-or GL-or RL-regulated (Supplementary Fig. S5 ). For 284 14 and CO 2 enrichment. Based on adjusted p-value <10 -3 and log2 fold change of two, 2,519 DEGs were 286 identified, including 1,125 upregulated and 1,394 downregulated transcripts (Supplementary Fig. S5) . 287 288 To better understand the functions of DEGs, all the DEGs were mapped to the terms in KEGG 291 database and compared with whole transcriptome background to search for genes involved in 292 significantly pathways. Pathway enrichment analysis revealed that the annotated DEGs were mainly 293 involved in "metabolic pathways", "biosynthesis of secondary metabolites", "oxidative 294 phosphorylation", "carbon metabolism" and "porphyrin and chlorophyll metabolism". The annotation 295 shed light on the regulatory functions of light qualities on the specific processes, functions and 296 pathways in K. alvarezii. 297
298
Discussion 299
Intertidal seaweeds are subjected to rapidly changing environmental conditions. As a result, they 300 have developed mechanisms that help them to cope with unfavourable disturbances or environmental 301 The photosystem proteins showed no significant different expressions among the four light qualities. 360
The most had the highest mRNA levels under RL (33) and the lowest under BL (18). It can be said 361 that RL is more efficient than BL, GL and WL in term of photosynthetic efficiency in K. alvarezii. 362
Meanwhile, out of 38 transcripts of photosystem proteins, 9 genes encoding of photosystem proteins 363 were upregulated by raising CO 2 concentrations, including 4 PS I proteins (ycf4, subunit III, reaction 364 center subunit XI and chlorophyll A apoprotein) and 5 PS II proteins (D1, CP43 and CP47). These 365 findings exhibited the importance of CO 2 enhancing the quantum efficiency of photosystem I and II. GL and RL. Thus we suggest that the expression of phytochrome genes in K. alvarezii seems to be 383 triggered by others light qualities. In Arabidopsis thaliana, the expression of all photoreceptors genes 384 has been demonstrated to be regulated by light or circadian clock (Reka, 2003) . Similarly in brown 385 alga Saccharina japonica, expression of photoreceptor genes seems to be triggered by all light 386
